ABSTRACT
INTRODUCTION
CORDIC stands for Coordinate Rotation Digital Computer proposed by Volder [1] and further extended by Walther [2] , has been used to efficiently implement Trigonometric, Hyperbolic, Exponential functions, Coordinate Transformation etc. using the same hardware.
CORDIC is a hardware efficient algorithm. In CORDIC, there is no requirement of multiplication or division block instead; it works only with adder, subtractor and shifter. Owing to its simplicity it is easily implemented on a VLSI system. As it was designed for hardware applications, there are features like low cost that made CORDIC excellent choices for small computing devices. Since, CORDIC is used as a building block in various chip, the critical aspects to be considered are high speed, low power and low area for achieving overall performance. These aspects can be achieved by implementing various techniques in CORDIC algorithm. Pipelined CORDIC architecture is implemented in order to avoid iterative cycle in CORDIC. Angle recoding method is used to reduce the number of iterations; latency and error of CORDIC as it skips it skip over certain intermediate CORDIC iteration to deliver the same precision.
During the last 50 years of the CORDIC algorithm a wide variety of applications have emerged. The CORDIC algorithm has received increased attention after an unified approach is proposed for its implementation [2] . Thereafter CORDIC based computing has been the choice for scientific calculator applications and HP-2152A co-processor, HP-9100 desktop calculator, HP-35 calculator is a few such devices based on the CORDIC algorithm. Several modifications have been proposed in the literature for the CORDIC algorithm during the last two decades to provide high performance and low cost hardware solutions for real time computation of a two dimensional vector rotation and transcendental functions. This paper divided into following sections-section 2 introduces CORDIC algorithm, in section 3 the Pipelined CORDIC architecture is discussed, section 4 presents angle recoding method for CORDIC and section 5 discusses the Simulation and Results, section 6 Conclusion.
CORDIC ALGORITHM
Depending on the function to be evaluated, CORDIC algorithm involves rotation of vector v on x-y plane in circular, linear, hyperbolic coordinate system. Figure 1 shows the trajectories for the vector v i for the successive CORDIC iterations. This algorithm performs iteration iteratively using a specific incremental rotation angles selected so that each iteration is performed by shift and add operation. architecture is implemented in order to avoid iterative cycle in CORDIC. Angle recoding method is used to reduce the number of iterations; latency and error of CORDIC as it skips it skip over certain intermediate CORDIC iteration to deliver the same precision.
During the last 50 years of the CORDIC algorithm a wide variety of applications have emerged.
The CORDIC algorithm has received increased attention after an unified approach is proposed for its implementation [2] . Thereafter CORDIC based computing has been the choice for scientific calculator applications and HP-2152A co-processor, HP-9100 desktop calculator, HP-35 calculator is a few such devices based on the CORDIC algorithm. Several modifications have been proposed in the literature for the CORDIC algorithm during the last two decades to provide high performance and low cost hardware solutions for real time computation of a two dimensional vector rotation and transcendental functions.
This paper divided into following sections-section 2 introduces CORDIC algorithm, in section 3 the Pipelined CORDIC architecture is discussed, section 4 presents angle recoding method for CORDIC and section 5 discusses the Simulation and Results, section 6 Conclusion.
Depending on the function to be evaluated, CORDIC algorithm involves rotation of vector v on x-y plane in circular, linear, hyperbolic coordinate system. Figure 1 shows the trajectories for the vector v i for the successive CORDIC iterations. This algorithm performs iteration iteratively using a specific incremental rotation angles selected so that each iteration is performed by shift and add operation. During the last 50 years of the CORDIC algorithm a wide variety of applications have emerged.
Depending on the function to be evaluated, CORDIC algorithm involves rotation of vector v on x-y plane in circular, linear, hyperbolic coordinate system. Figure 1 shows the trajectories for the vector v i for the successive CORDIC iterations. This algorithm performs iteration iteratively using a specific incremental rotation angles selected so that each iteration is performed by shift and add operation. The norm of a vector in these coordinate systems are defined in terms of √x 2 + my 2 , where m {1,0,-1} presents, a circular, linear, hyperbolic coordinate system respectively. A rotation trajectory in a circle defined by x 2 +y 2 =1 in the circular coordinate system. For linear system the rotation trajectory defined by x=1 and similarly, the rotation trajectory of hyperbolic system is given by function x 2 -y 2 =1.
The CORDIC is mainly employed in two modes namely rotation mode and vectoring mode. In the vectoring mode, the co-ordinate components of a vector are given and the magnitude and angular argument of the original vector are computed. In the rotation mode, the co-ordinate components of a vector and an angle of rotation are given and the co-ordinate components of the original vector, after rotation through a given angle, are computed.
PIPELINED ARCHITECTURE
CORDIC processor is implemented in number of ways depending on the applications. The simple architecture is the serial architecture which gives the direct solution to the CORDIC basic equations. The CORDIC block in serial architecture consists of three adder / subtractor and two shifters with a ROM containing a look up table. Serial architecture performs one micro rotation for every clock cycle. In this architecture all iterations are executed in same hardware, hence Output is available after n clock cycle. Figure 2 shows the serial architecture which uses n clock cycle for single calculation hence it is very slow and not suitable for high speed implementations. Figure 3 shows the pipelined architecture. The main advantage of the pipelined architecture compared to serial architecture is high throughput due to the hard-wired shifts rather than time and area consuming barrel shifters and elimination of ROM.
Figure3. Pipelined architecture
This architecture is much faster than serial architecture. The sign of 'z' gives the direction of iteration at every stage.
In this paper, a six stage pipelined sine and cosine wave generator is designed performing a specific micro rotation at every stage. It operates in rotation mode. Any angle is given as input and sine and cosine output is generated such that value of sine and cosine function is given by
The RTL view of Pipelined CORDIC is shown in Figure 4 . Figure 3 shows the pipelined architecture. The main advantage of the pipelined architecture compared to serial architecture is high throughput due to the hard-wired shifts rather than time and area consuming barrel shifters and elimination of ROM.
The RTL view of Pipelined CORDIC is shown in Figure 4 .
Figure4. RTL view of Pipelined CORDIC For any input angle, three outputs are generated sine function, cosine function and eps indicates the error proximity to the required angle.
ANGLE RECODING METHOD
For an iterative algorithm latency is defined as the product of number of iteration to the cycle time of each iteration. Original CORDIC results in high and constant latency. In order to reduce the latency an angle recoding method is introduced. In this method angle selection is done without increase in cycle time. A range is defined for the different angle constants. A particular angle constant is selected, if the input rotation angle lies in that range. The comparison process can be done for different angle constants using input angle. To use an angle recoding method it is necessary to identify the range associated with each angle constant. These ranges can than used as reference values.
Defining the range of residual angles around the angle constant [5] is shown in Table 1 . For any input angle, three outputs are generated sine function, cosine function and eps indicates the error proximity to the required angle.
Defining the range of residual angles around the angle constant [5] is shown in Table 1 . In an original CORDIC rotation of a vector is done using a fixed number of angular steps which are executed in sequence, these angular steps are known as micro-rotations. The process is carried out until the vector is arrived within a smaller angular distance of its final resting position.
In original CORDIC rotation through a given angle is carried out by sequence of angular steps .For an angle 46 degree, final angle is obtain at eight iteration is 46.384 0 which is closest to 46 0 . Similarly, for an angle 25 degree, final angle is obtained at eight iteration is 27.58 0 which is closest to 27.5 0 . For an angle 9 degree, final angle obtain at eight iteration is 9.289 0 closest to 9 0 . In an angle recoding method rotation through given angle is carried through set of available angle constant. For an angle 46 degree, the rotating vector takes only two iterations to reach its target position. Similarly, rotation through angle 9 degree is given as 9 0 ≈ (7.125+1.79) = 8.915 0 .
Taking the clock period of 100ps, Latency is given by expression = n* t c Where n is the number of iterations, t c is the cycle time of each iteration.
EXPERIMENTAL RESULTS
The code of pipelined, original CORDIC and angle recoding method is written in VHDL and simulation is done using Modelsim SE 6.3f. Also, the sine and cosine function for each angular step is calculated.
Results for Pipelined CORDIC
This includes the results of Pipelined sine and cosine wave generator implemented on target device XILINX SPARTAN 3E xc3s100e-4vq100, using XILINX 12.3. Area and Timing reports are included for particular target device. Simulation of the pipelined sine and cosine generator is done. Table 2 shows the device utilization summary of sine and cosine generator using CORDIC algorithm. The timing reports include the total time delay for output to appear after giving input. At Speed Grade:-4 the minimum period required 5.244 ns which refer to a maximum frequency of 190.694MHz.The minimum arrival time before clock is 2.059 ns and maximum output required time after clock is 4.310 ns.
Comparison with previous work
The present work is implemented on Xilinx Spartan 3E (speed grade -4). Thus, finally comparison of the present Pipelined CORDIC Sine and Cosine wave generator with previous work is done shown in Table 3 . 
Simulation results for original CORDIC and angle recoding method
Simulation results of original CORDIC for angle 27.5degree is shown in Figure 5 . Simulation result of angle recoding method for angle 27.5degree is shown in Figure 6 . The timing reports include the total time delay for output to appear after giving input. At Speed Grade:-4 the minimum period required 5.244 ns which refer to a maximum frequency of 190.694MHz.The minimum arrival time before clock is 2.059 ns and maximum output required time after clock is 4.310 ns.
Comparison with previous work
Simulation results for original CORDIC and angle recoding method
Comparison with previous work
Simulation results for original CORDIC and angle recoding method
Simulation results of original CORDIC for angle 27.5degree is shown in Figure 5 . Simulation result of angle recoding method for angle 27.5degree is shown in Figure 6 .
Figure6. Simulation of angle recoding method for an angle 27.5 0 Simulation result of above angle recoding method implies that final target value comes in two iterations. Figure 7 shows the rotation through 27.5 degree using original CORDIC and angle recoding method.
Figure7. Rotation through 27.5 degree using original CORDIC and angle recoding method Figure 7 shows the rotation through 27.5 degree using original CORDIC and angle recoding method.
Comparison of Original CORDIC and Angle Recoding Method
Figure7. Rotation through 27.5 degree using original CORDIC and angle recoding method Table 4 it is observed that the number of iterations, angle error and latency is reduced by using angle recoding method.

CONCLUSION
This paper presents the two techniques i.e. Pipelining and Angle Recoding Method in CORDIC algorithm. CORDIC has been implemented in pipeline to avoid iterative cycles and to increase the throughput. Pipelined Digital sine cosine generator is targeted for Spartan 3E device and it requires 12% of its total number of slices with a time delay of 5.244ns and a maximum frequency of 190.694 MHz Hence, Pipelining technique results in the significant increase in the speed of the system. An angle recoding method is implemented to reduce the number of iteration, latency and angle error. Using angle recoding method the number of iterations are reduced 75% than that of original CORDIC.
